The chiral dynamics of the doubly heavy baryons is solely governed by the light quark. In this work, We have derived the chiral corrections to the mass of the doubly heavy baryons up to N 3 LO. The mass splitting of Ξ cc and Ω cc at the N 2 LO depends on one unknown low energy constant c 7 . With the experimental mass of Ξ cc (3520) as the input, we estimate the mass of Ω cc to be around 3.678 GeV. Moreover, we have also performed a systematical analysis of the chiral corrections to the axial currents and axial charges of the doubly heavy baryons. The chiral structure and analytical expressions will be very useful to the chiral extrapolations of the future lattice QCD simulations of the doubly heavy baryons.
I. INTRODUCTION
As one of the most important groups in the baryon family, the doubly charmed baryons are composed of two charmed quarks and one light quark (the doubly heavy baryons Ξ ++ cc , Ξ + cc and Ω + cc with quark components ccu, ccd and ccs, respectively), which were predicted in the quark model (see Ref.
[1] for a detailed review). In the past decades, there have been some experimental efforts in the search of the doubly charmed baryons [2] [3] [4] [5] [4] . Although SELEX also reported Ξ + cc (3520), these results were not confirmed by FOCUS [6] , BaBar [7] , Belle [8] and LHCb collaborations [9] .
The doubly charmed baryons have been extensively studied with different theoretical approaches. The Ξ cc mass was predicted to be 3. 48 ∼ 3.74 GeV in the quark model, while the Ω cc mass is estimated to be 3.59 ∼ 3.86 GeV [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . The Lattice QCD groups also studied these systems [23] [24] [25] [26] [27] , where the predicted mass of Ξ cc is 3.51 ∼ 3.67 GeV and the mass of Ω cc is 3.68 ∼ 3.76 GeV.
The mass splittings of baryons within the same multiplet encode important information on their inner structure. For example, the mass splittings of the light baryons were reviewed in Refs. [28, 29] . In Refs. [30, 31] , the mass splitting of the singly heavy baryons was studied within the framework of the chiral perturbation theory. In Ref. [32] , the authors investigated the mass splitting of the doubly heavy baryons by considering the heavy diquark symmetry. Besides the baryon mass, the axial current and axial charge of the baryons are also very important observables, which attract lots of attention .
The experimental search of the doubly charmed baryons is full of challenges and opportunities. In this work, we adopt the chiral perturbation theory to calculate the chiral corrections to the doubly charmed baryon masses and their mass splittings, which will be helpful to further experimental exploration of the doubly charmed baryons. Under the same framework, we also study the chiral corrections to the axial charge and axial current of the doubly charmed baryons, which may be measured through the semileptonic decays of the doubly charmed baryons in the future.
Chiral perturbation theory (χPT) is an elegant framework to deal with the low energy process in hadron physics. With the help of the chiral power counting scheme proposed by Weinberg et al. [56, 57] , one can consider the chiral corrections to the physical observables order by order.
In the baryon sector, the baryon mass does not vanish in the chiral limit. This inherent mass scale breaks the naive chiral power counting. To solve this issue, various schemes were proposed such as the heavy baryon χPT, infrared baryon χPT, and extended on-mass-shell method etc.
In the heavy baryon χPT, the baryon is treated to be extremely heavy and acts as a static source [54] , which allows us to take the non-relativistic limit of the fully relativistic theory and make expansion in powers of the inverse baryon mass. For the case of infrared regularization, the loop integral can be separated into infrared regular part and infrared singular one [58, 59] , where the later one conserves the Weinberg's power counting rule. In the extended on-mass-shell method, the power counting breaking terms are subtracted and the low energy constants are redefined [60] [61] [62] [63] . In our work, we use the heavy baryon χPT approach to investigate the chiral corrections to the masses and axial currents of the doubly charmed baryons.
This paper is organized as follows. After the introduction, we introduce the chiral Lagrangians of the doubly charmed baryons and its non-relativistic reduction in Sec. II. Then we present the calculation details of the chiral corrections to the masses and axial currents of the doubly charmed baryons and the corresponding numerical results in Secs. III and IV respectively. This work ends with a summary in Sec. V. We collect the N 3 LO chiral corrections to the masses and some lengthy expressions in the appendix.
II. THE CHIRAL LAGRANGIANS OF THE DOUBLY CHARMED BARYONS
In order to calculate the chiral corrections to the masses and axial currents , we need construct the chiral effective Lagrangians of the doubly charmed baryons with the help of chiral, parity and charge conjugation symmetries. We firstly introduce the notations U and u to describe the psudoscalar meson field, which have the relation
where φ(x) has the definition
The doubly heavy baryon field ψ with spin 1 2 is a column vector in the flavor space, i.e.
where the quark contents of Ξ 
In Table I , we show the transformation properties of the building blocks, which include χ,
where
µ , a µ , s, p are external c-number fields. Considering the transformation properties listed in Table I , the chiral Lagrangian of the doubly heavy baryon can be constructed order by order, i.e., 
, and e k (k = 1, · · · , 8) are the effective coupling constants. They are sometimes denoted as the low energy constants (LECs).
Since the doubly heavy baryons are very heavy, we can take the non-relativistic limit of the fully relativistic theory and expands the Lagrangian in power of the inverse of the doubly heavy baryon mass. The four-momentum of the doubly heavy baryon can be written as
where v µ is the four-velocity and l µ the small off-shell momentum, which satisfies v·l ≪ m. The baryon field is decomposed into the light and heavy components
The generating functional for the relativistic theory reads
In the terms of the fields H and h, we can rewrite the original Lagrangian
A, B and C in Eq. (20) can be expanded in series of terms of different orders of q i , where q is the low energy momentum,
The expressions of A, B, C are collected in Appendix. With the replacement
we haveη
With h ′ = h − C −1 (BH + ρ) and after integrating out the heavy degrees of freedom, the generating functional becomes
and ∆ h is a constant. Then, one expands the matrix C −1 in terms of 1/m
Finally, the non-relativistic Lagrangians corresponding to the action S ′ can be expressed as
The above Lagrangians will be employed to calculate the chiral correction to the mass and axial current of the doubly charmed baryons.
III. THE CHIRAL CORRECTION TO THE MASS OF THE DOUBLY HEAVY BARYON
With the notations η = v · p and ξ = (p − mv) 2 , the full propagator of the doubly heavy baryon is written as
where Σ B (η, ξ) denotes the high order contributions to the selfenergy, which are from Fig. 1 (a-h) . 
And the renormalization constant reads
with
The chiral contribution to the self-energy up to next-to-nextto-leading order (NNLO) includes three pieces 
which correspond to Fig. 1 (a) -(c), respectively.
with the subscripts B = Ξ
and F η0 are the decay constants of π, K and η, which are 0.092, 0.112 and 0.110 GeV, respectively. In addition, the coefficients C (b) BP are given in Table II . We notice that there are three low energy constants c 1 , c 7 , and g A in Eqs. (38)- (40) . Among these LECs, c 1 appearing in the next-to-leading order Lagrangian can be absorbed into the bare mass term. Thus, c 7 and g A are the two unknown constant. Due to the absence of the corresponding experimental information, we have to fix these unknown constants based on the other theoretical calculations. In Ref. [64] , Hu and Mehen constructed Lagrangian with the following form
by considering the heavy diquark symmetry, where
. In Eq. (42), the coupling g = 0.6 is determined by fitting the D * + width. Comparing our effective Lagrangian with that in Eq. (42), we get g A = g. In the following, we take g A = 0.6.
Since the LEC c 7 remains unknown, we show the variation of the mass splitting (∆M = M(Ω cc ) − M(Ξ cc )) with the LEC 
4BP , and C
in Eqs. (38)- (40) and (52)- (57).
c 7 in Fig. 2 . In our calculation, we do not consider the isospin breaking. From Fig. 2 , we can see that the mass splitting ∆M is (100 ∼ 200) MeV corresponds to c 7 = (−0.35 ∼ −0.24) GeV −1 . Although doubly charmed baryon Ξ cc (3520) is not completely established yet experimentally, we tend to take the experimental measurement of the mass of Ξ cc (3520) [2] as input to estimate the mass of Ω cc . Taking the typical value c 7 = −0.3 GeV −1 , the mass of Ω cc is 3.678 GeV if the mass of Ξ cc (3520) is taken to be 3.52 GeV [2] .
We have also obtained the mass correction of the doubly charmed baryon up to the next-next-next-Leading order (N 3 LO), which is collected in the Appendix A. Unfortunately there appear too many unknown LECs which cannot be fixed by experimental or theoretical approaches. We are unable to use the N 3 LO mass formula to compare with the current experimental data. However, the chiral structure and expression of the mass at the N 3 LO will be helpful to the chiral extrapolation of the lattice data in the lattice QCD simulation.
IV. THE CHIRAL CORRECTION TO THE AXIAL CURRENT
In the following, we discuss the chiral correction to the axial current of the doubly charmed baryon. Using Lagrangian L ′ (1) and L ′ (3) in Eq. (52), we obtain the axial current at the tree level
We collect the diagrams contributing to the renormalization of the axial currents in Fig. 3 . The renormalized matrix element of A k,µ between the doubly heavy baryon states can be written as In the above equations, we have
, where
which correspond to Fig. 3 (1) - (4), respectively. Since the doubly heavy baryons are very heavy, we do not take into account the small recoil corrections in the present work. The contribution from Fig. 3 (1) - (2) vanishes as shown in Eqs. (45)- (46) . In the above equations, the matrices CP (P = π, K, η) are defined as
The wave function renormalization constant is expressed as
We define the axial charge of the heavy baryon through the matrix element will be 1.12 ∼ 1.14 and 0.86 ∼ 1.07 respectively, when λ is in the range 2 ∼ 5 GeV.
V. SUMMARY
Although the doubly heavy baryons have not been established experimentally, these systems are particularly interesting. To a large extent, they are even simpler than the light baryons such as nucleons where the interaction among the three light quarks is very complicated. In contrast, the presence of the two heavy quarks acts as a static color source in the heavy quark limit. For example, the chiral dynamics of the doubly heavy baryons is solely governed by the light quark. We can gain valuable insights into the light quark chiral behavior through the chiral perturbation theory study of the doubly heavy baryons.
In this work, we have constructed the chiral effective Lagrangians describing the interactions of light mesons and doubly charmed baryons. We further make the non-relativistic reduction and obtain the chiral Lagrangians up to O(p 4 ) in the heavy baryon limit. We have derived the chiral corrections to the mass of the doubly heavy baryons up to N 3 LO. Unfortunately there exist too many unknown low energy constants. We are forced to perform the numerical analysis at the N 2 LO. The mass splitting of Ξ cc and Ω cc at the NNLO depends on one unknown low energy constant c 7 . The experimental mass splitting from SELEX's measurement is around (100 ∼ 200) MeV, which corresponds to c 7 = (−0.35 ∼ −0.24) GeV −1 . With the experimental mass of Ξ cc (3520) reported by SELEX [2] as the input, we estimate the mass of Ω cc to be around 3.678 GeV, which may be helpful to further experimental search of the doubly charmed baryon Ω cc .
Moreover, we have also performed a systematical analysis of the chiral corrections to the axial currents and axial charges of the doubly heavy baryons, which may be measured through the semileptonic decays of the heavy baryons in the future.
The chiral corrections to the mass of the doubly heavy baryons have been derived up to N 3 LO and the axial charge to N 2 LO. The chiral structure and analytical expressions will be very useful to the chiral extrapolations of the future lattice QCD simulations of the doubly heavy baryons.
The exploration of the doubly charmed baryons is still an important and intriguing research topic, which can deepen our understanding of hadron spectrum and nonperturbative QCD. We are looking forward to more developments from both experimental and theoretical studies. There is very good chance that these doubly charmed baryons will be observed at facilities such as LHC and BelleII.
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from Fig. 1 (d) , where 
where Σ (e) B,P comes from Fig. 1 (e) . The corrections from Fig.  1 (f) and (g) are 
and
